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The objective of this research was to study the adsorption and photodegradation 
of crystal violet (CV) dye by using poly(2-hydroxyethylmethacrylate) (PHEMA) 
hydrogel and nanocomposite TiO2-PHEMA hydrogel. These gels can be used in water 
treatment and dyes can be easily photodegraded by UV light. The nanocomposite gels 
were synthesized by free radical polymerization, characterized by FT-IR and XRD to 
confirm the presence of TiO2 nanoparticles. The XRD data showed that the 
nanocomposite gels not only maintain the crystallinity of three different phases that had 
been used, but also adsorb the dye. Moreover, the FT-IR demonstrated the presence of 
the functional groups of the chemical structure of the gel as well as the nanocomposite 
gels with the CV dye. The adsorption of CV dye was examined through monitoring UV-
Vis absorption. The kinetic study indicated the adsorption of the dye by the 
nanocomposite gels until reached equilibrium, which is the zero concentration. The 




determined that the composite gels adsorb CV dye from the solution at the beginning 
while under the photochemical condition. Eventually, the dye in the gel was 
photodegraded, indicating that in the gel system, the photodegradation process is still 
effective. The composite gels containing pure anatase phase titanium are much better 
photocatalysts and took less time for adsorption than those containing pure rutile and 
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1.1 Photodegradation of Organic Dyes 
Over the years, the growing photodegradation study has commonly been triggered 
by the academic and technical interest in the photocatalytic properties of various oxides. 
The photocatalytic process is described as the ability of nano-elements such as the 
nanotitania oxide (TiO2) to accelerate a reaction. In this case the interest is in the effect 
on the process of degradation of dyes from industrial wastewater. In 1972, it marked the 
pioneering work of the application of titanium oxide in the photocatalytic process.1 As a 
result, numerous applications and tests have been examined in a number of fields 
including environmental application such as water purification, air cleaning, and water 
treatment. Following this evident success in the study of photocatalytic principles, there 
has been notable focus in the photodegradation of dyes. Many studies are also extended 
to visible radiation.  
The photodegradation of dyes is a photo-assisted process that follows various 
pathways apart from the UV radiation.2 Research indicates that the electrons of dyes are 
energized by light in both singlet and triplet states. The excited dye with the electron 
injection connects to the conduction band through the catalyst process of the oxide to act 
as a mediator of the electron transfer. This process results in cation radicals of the dye 




with oxygen from the air creating oxidizing radicals such as HOO. and .OH radicals. 
These oxidizing radicals trigger the photo-oxidation of dyes. 
The photo-catalytic degradation of dyes is influenced by several parameters 
namely the pH, the photo-catalyst particle size, electron acceptors and concentration of 
dyes. The most significant physical parameter in this process is the particle size of the 
catalyst. This parameter is important in providing the required environment of active sites 
to enhance the reaction process.   
1.2 Water Pollution 
Water is a necessity for life and survival of living beings. Over 70% of the earth’s 
surface is covered by water. A high percentage of the water is seawater which is 
commonly not for human consumption. About 3% of the water is available for 
consumption. Confirmed studies indicate that after every two decades the demand for 
water doubles due to the increase in population. The situation confirms that there is an 
emerging global water crisis.3 Different people around the globe are already experiencing 
clean drinking water shortage. The water crisis is a global challenge and different 
governments are seeking ways of preserving water as well as overcoming the crisis. The 
increasing demand can only be countered by innovative and cost-effective measures for 
wastewater treatment.  
Wastewater is reclaimed using different methods. The physical, biological or 
chemical constituents determine the type of method to apply. Industrial wastewaters are 
organic and inorganic materials which include aromatic compounds, heavy metals, 




chemically. The use of industrial dyes is on the increase due to the increase in population 
and expansion of industries like pulp and paper, paint, food, carpet, cosmetic and textile 
manufacturers. The treatment of effluent is crucial before it is mixed with ground and 
surface waters which may later interfere with drinking water.4 Untreated industrial dye 
effluent interferes with photosynthesis by blocking the access to light through water 
affecting aquatic plants. Further, the oxygen levels are reduced leading to suffocation of 
living organisms in the aquatic environment.  
For industrial dyes, the standard requirement is to have strong and stable color 
that does not degrade when exposed to light. The current industrial dyes are made up of a 
chemical structure that is complex and covered by a hard-aromatic ring that is difficult to 
break. Industrial dyes are toxic and have a chemical structure that is non-biodegradable. 
As a result, the dyes are hazardous pollutants and destructive to the environment 
especially if they are discharged in water sources. If preventive measures are not put in 
place, the concentration of the pollutants achieves a higher level that eventually becomes 
a risk to the growth and development of microbial population. When human beings 
access to the polluted water, they develop complications in their vital organs, especially 
the kidney, liver and reproductive organs. Other diseases include cancer, allergy and skin 
complications.  
Wastewater treatment methods such as flocculation, floatation, coagulation and 
membrane filtration are considered expensive and, in many cases, not entirely effective. 
For instance, membrane filtration method produces high quality water; however, it results 




strict measures especially for synthetic chemicals. The push for efficient measures for 
water purification has led the scientists and industries to invent user-friendly and cost-
effective measures that will assist in eliminating the issue of water pollution.   
1.3 Crystal Violet Dye (CV) 
Organic dyes are useful in various industries but are potential causes of 
environmental hazards. The introduction of dyes in the aqueous environment through 
industrial activities is increasingly becoming an environmental menace. Over 10,000 dyes 
in the presence of the expanding commercial production are released in the water bodies 
annually. About 10 % of the dyes cannot be accounted for and are considered as 
industrial effluents.8 The fact that dyes do not go through a natural process of degradation 
makes them persistent in blocking natural light in water bodies, and this as a result 
destroys the ecosystem. 
 Crystal violet sometimes abbreviated as CV is among those dyes posing a threat 
to the environment. Its molecular formula is C25H30N3Cl. The dye is a salt (see Figure 1). 
The UV-visible spectrum of crystal dye is shown in Figure 2. It was observed that the 












































The dye CV is a synthetic cationic dye which displays violet color in water. The 
dye belongs to a group of triarylmethane. The dye is also classified in different groups 
namely, the Basic Violet 3, methyl violet 10B, and gentian violet. It is a common dye and 
widely used in the textile, medical, paint, and biotechnology industries. The dye is also 
commonly used as a dermatological agent in veterinary medicine and in printing. Once it 
is introduced into the aquatic systems it is known to introduce its mutagenic, mitotic and 
teratogenic poisonous components. It is a common cause for skin irritation because it is 
absorbed through the skin pores and it can potentially cause harmful irritation as well as 
inhalation and ingestion complications. It is also known as a dominant cause for kidney 
failure, cancer and permanent blindness.8 Therefore, measures for the prevention and 
removal are crucial for the safety of aquatic life and human life at large.  
 1.3.1 Removal of Crystal Violet Dye 
Industrial removal of colorants has used different methods for decolorizing the 
effluent. Exploited methods include flocculation, membrane filtration, and adsorption. 
Other methods include physicochemical and chemical methods. Activated carbon is one 
of the effective adsorbents used for the removal of crystal violet dye. The effluent dye is 
removed from the aqueous solution using batch mode adsorption studies. The process of 
adsorption is determined by the level of pH in the solution, the concentration of the dye 
and the amount of carbon dosage. Hence, due to the success of the removal mechanism, it 
has been scientifically confirmed that removal of the dye with various adsorbents is 




methods may not be sufficient due to the complex structure of effluent materials present 
in wastewater. 
Compared to other methods of treatment, adsorption has over time become a 
common and effective method used in advanced wastewater purification. The technique 
is mainly used to eliminate the CV from the water bodies. The process of removal is less 
complicated, and the cost of application is minimal compared to other methods. Other 
tested and researched methods include the alternative selection of adsorbent. For 
instance, coal ash is used as zeolitic materials. The fly and bottom ash are effective 
adsorbents for removal of cationic dyes.10 
1.4 Adsorption 
 
Adsorption is recognized as an efficient technology for removal of dyes from 
polluted water. The method is considered as an alternative option especially for industrial 
dye effluent. The technology is considered as flexible and simple to operate. 
Additionally, adsorption compared to other methods generates little toxic pollutants that 
are less costly to deal with after the process. Further, the process does not produce sludge, 
therefore it is friendly to the environment. The limitations of adsorption technology are 
found in the process of application caused by the scarcity of the low-cost adsorbents.  
One of the most common adsorbents for adsorption is activated carbon. It is used 
due to its high capacity of adsorption as well as having a high surface area. The 
disadvantage of high cost has created room for exploration of alternative low-cost and 
biodegradable adsorbents. One of the adsorbents is the naturally modified clays. 




natural clays is determined by its ease to change to attain the surface area for the purpose 
of applicability. Even though it has a smaller surface area, different measures and 
scientific experiments are being conducted to ensure that the available adsorbents are 
enhanced to effectively meet the needs of the scarcity of low-cost adsorbents. The 
research and development activities have contributed to modified ways of working with 
natural clays. The methods include the physical and chemical methods such as heat 
treatment, treating cationic surfactants and acid activation. Acid activation is one of the 
commonly used modification methods. Major challenges are being experienced in 
temperature balancing. The acid activation of bentonite at a low temperature and the 
availability of low acid concentration are studies that are yet to gain applicability. Other 
factors such as using the bentonite with minimal adjustments of the chemical structure 
still need to be explored.11 
 1.4.1 Adsorption Thermodynamics 
Industrial activities are on the increase giving rise to the intensified deteriorations 
of ecosystems. The hazardous activities as a result are a threat to the environment and 
human health. Various agencies and concerned parties are creating awareness of the 
prevention mechanisms by providing regulations and enforcing strict rules and 
regulations in regard to the emissions of industrial wastes. At the same time research and 
development on the issue are drastically expanding. The studies offer a number of 
interventions that act as wide options of treatment technologies. The interventions include 




degradation, and adsorption. In this light, this section of the thesis will focus on 
adsorption as an intervention for controlling environmental degradation.13  
Adsorption is a surface phenomenon which involves the use of a multi-component 
fluid either a gas or a liquid mixture. The mixture is positioned on the surface of a solid 
adsorbent to attract attachments through chemical and physical bonds. The process is 
recognized as one of the effective and reliable methods applied in wastewater treatment. 
The process is widely used because it is considered as one of the simplified technologies 
that are technically feasible and economically viable as well as socially suitable. The 
process is widely applicable due to its ability to eliminate and minimize a range of water 
pollutants. Adsorption is considered effective due to its ability to completely remove 
pollutants that are in form of dilute solutions. Besides, other factors that make the process 
attractive are the ease of operation, cost effectiveness and insensitivity to toxic particles.  
The adsorption system is designed by using two common thermodynamic 
properties; the directly measurable properties such as the equilibrium constant and 
temperature and secondly the system constitutes of properties which are not measurable 
directly such as activation parameters, energy change, entropy and the required isosteric 
heat adsorption. The properties determine the effectiveness of the adsorption process, the 
required parameters and the success of the separation process. For instance, considering 
activation energy helps in the setting the required temperature for the adsorption process. 
In chemistry, activation of energy defines the energy required to perform a particular 
chemical process. Temperature is one of the most important elements in the adsorption 




Increase in temperature affects the solubility of the adsorbate specie. As a result, the 
forces of interaction between the solvent and the adsorbate become stronger compared to 
the adsorbent. Therefore, the conditions are unfavorable for the adsorbate to absorb. The 
thermodynamic parameters are important because they determine if the process is 
spontaneous. The Gibb’s free energy change represents the spontaneity of the reaction. 
The enthalpy and entropy parameters determine the activation of the Gibb’s free energy 
for the process. Hence, to determine the correct equilibrium, the setting can be measured 
using the Van’t Hoff equation, where the Gibb’s free energy change is equal to the ideal 
gas constant (R-8.314) and temperature (K) and KD is the single point sorption 
distribution.14 
1.5. Dye Removal Techniques 
 1.5.1. The Physicochemical Methods 
 Filtration is a dye removal technique that focuses on the removal of particulate 
matter found in the wastewater. Membrane filtration is considered as one of the low-cost 
methods because it can be re-cycled a number of times in the textile and other industries. 
Compared to other physical-chemical methods, filtration is not altered by the chemical, 
microbial or temperature changes. It is commonly used due to its high affinity to 
treatment of industrial dye pollution. Even though the treatment method is highly 
recyclable, the quality of water is questionable hence it is not recommended for re-use. 
Other than that, the process is costly in the long term due to its disadvantage in the 
disposal of sludge. The formation of sludge has the tendency to clog hence slowing down 




 The coagulation method serves as an intermediary process of water treatment. It 
is used along with other physicochemical methods such as filtration or disinfection. The 
physical process of coagulation involves the use of coagulants such as iron and alum salts 
in wastewater with the intention of increasing the tendency of aggregating smaller 
particles.  
 The ion exchange process is designed to remove anions and cations in 
wastewater. Ion exchange helps soften hard water. The disadvantage of using ion 
exchange is that it is not very effective in treating dye effluent. However, it is one of the 
methods with no loss of sorbent. It works well in treating soluble dyes and not effective 
when it comes to insolvent dyes.  
 1.5.2 Chemical Methods 
 Sodium hypochlorite is a significant oxidizing agent that has been used for 
decades in wastewater treatment. The chemical is designed to attack amino group found 
in the industrial dye and forming a split of azo bonds. The use of the sodium hypochlorite 
as a chemical method is strictly restricted due to the health and environmental effect. In 
the process of dye treatment, the chemical reacts with the dye molecules forming 
aromatic amines considered as carcinogenic and toxic. Chemical tests show that during 
the process of treatment, the chemical forms by-products such as haloacetic acid and 
trihalomethanes acid which are considered as carcinogenic and mutagenic. The two acids 
are hazardous to human beings. Furthermore, the presence of chlorine in the chemical 




 Photocatalysis. This chemical application works through a process of connecting 
region band gaps by generating energy through photo activation. Emulating the design of 
a semiconductor, the existing band gap which is the region that is in the middle of the 
valance band, generates a hole through photo-activation. Therefore, to increase the 
chances of the energy required for bringing together electrons, the photon energy is 
required to be the same as or higher than the gap in order to activate the electrons.   
 Fenton’s reagent is an effective chemical for degradation of pollutants. Using 
different types of iron such as iron salt and iron sulfate, the agent is highly activated and 
at the highest concentration facilitating dye removal. A mixture of hydrogen peroxide and 
iron powder creates an agent that is highly effective in the mineralization of the dyes. In 
this concentration state the reagent is effective in removing industrial dyes such as active 
blue and reactive red. To be successful the reaction of the reagent uses a combination of 
elements that coagulates with the dye molecules during the process of oxidation. If the 
oxidation process is carried out by the use of hydrogen peroxide, there is an increased 
sludge disposal. In this case the reagent may be considered as a very expensive method 
for wastewater treatment. 
Cationic dyes do not coagulate normally. The use of the reagent would form poor 
quality results in terms of the ability to settle. The application of UV radiation can be 
used to activate Fenton’s reagent resulting to a process known as the Photo-Fenton 
process. The hydroxyl radicals are enhanced with the use of the process of activation by 
the UV radiation. This process is successful in decolorization of particular dyes which 




a significant role in the success of removal of the dye using oxidation. On the contrary 
low oxidation power is caused by the use of hydrogen peroxide in the oxidizing process.  
 Oxidation. Chemical oxidation has been used over the years to facilitate 
purification of pollutants and impurities like odor, taste and color. The main reactors used 
in the process of wastewater treatment through oxidation include hydrogen peroxide, 
ozone, chlorine and chlorine dioxide. In the process of purification, the chromophores 
that act as the agent of color are overpowered by the oxidizing agent hence color is 
successfully removed. Using this method, it eventually produces the split of aromatic 
rings.16 
 Ozonation is recognized as one of the processes that effectively discolors the 
synthetic dyes. In details, the ozone gas breaks the bond known as the conjugated double 
mainly found in azo dyes. The chemical process happens in two major ways by direct or 
indirect application. The direct method involves application of molecular ozone. In the 
indirect method the decomposition of ozone water is mainly used in the process of 
application. The formation of decomposition products is formed by the process of 
ozonation of dye. The process of decolorization of Orange II forms oxalate, benzene 
sulfonate ions and format as the by-products of decomposition. During the treatment 
process, the chemical process of ozonation may result in successful elimination of the 
color dye but affect the level of chemical oxygen. This is especially true in the ozonation 
of Congo Red. Ozonation process is highly preferred because of its efficiency and speed 
in decolorization. The process leaves no sludge and toxic by-products. However, the 




ozone. As a result, the effect of these components shortens the life span of chemical. The 
type of dye going through the process of decomposition will determine the effect of 
ozonation.  
 1.5.3. Biodegradation 
  1.5.3.1  Aerobic Degradation 
 White-rot Fungi. The use of fungi has been researched and confirmed to 
be an effective way of removing dye effluent. White rot fungi are one of the commonly 
used fungi in the wastewater treatment. Research indicates remarkable performance of 
the application of white-fungi. As such, the removal of dye is rated as 93% and along this 
the degradation rate is extremely slow. The removal of sulfonated azo dyes has also been 
tested indicating completion within 21 days. The fungi contain high levels of lignin 
peroxidase, and this enzyme makes the white fungi useful for a range of treatments in 
degradation of dyes because it is not specific in nature. The only disadvantage is that the 
presence of lignin is inhibited by nitrogen and carbon in wastewater, therefore, using 
white rot fungi in real wastewater treatment may not be fully viable. Lignin enzyme 
requires reagents to complete the process of degradation. Reagents such as veratryl 
alcohol and hydrogen peroxide are required to complete the process. 
During the industrial wastewater treatment, the actual balancing of the enzyme 
and the reagents is a complex process. Therefore, scientists suggest other measures for 
treatment of the dye effluent. The closest solution is the use of enzyme laccase which is 
an oxidase that is capable of completing the process of decolorization of dyes. Laccase 




require other metabolites to complete the process of oxidation. Therefore, T. versicolor is 
recognized as an effective treatment in eliminating the anthraquinoid dyes apart from the 
removal of azo and indigo dyes. In this case other mediators such as the redox may be 
required. Therefore, to complete the process of decolorization using fungi, it is important 
to consider the complexity of the dye, the ligninolytic activity and availability of nitrogen 
in the media.17 
 Bacteria.  Decolorization of wastewater by using bacteria under the 
aerobic conditions is a recent method. The scientific and research developments indicate 
that the two decades of experiments prove that bacteria strains are very useful for 
biodegradable process in wastewater treatment. Bacteria such as Aeromonas hydrophilia, 
bacillus subtilis and pseudomonas luteola are bacteria strains that have successfully been 
used for the industrial dye discolorization. To complete the process, the bacteria may 
require additional energy sources for the formation of the micro anaerobic regions in the 
aerobic systems. This environment also serves to reduce the effluent nature of azo dyes. 
In addition, the sulfonated azo dyes have the properties of the sulfo group that affects 
bacteria degradation.17 
 1.5.3.2 Anaerobic Degradation 
 The anaerobic degradation for discolorization and biodegradation of 
effluent dyes is done through the oxidation-reduction mechanism. This is one of the 
methods that have been commonly used from early 1970s.17 There is however no 
standard method of application that is clearly used in the process of wastewater treatment. 




extract, propionate and glucose which are considered as electron donors. In addition, the 
reaction condition also depends on the pH and temperature levels along with the control 
of the mechanism for dye removal. Electron transport in this process is controlled by the 
co-substrates which are considered as mediators that accelerate the reduction rate of the 
azo dyes. Salts present in the wastewater effluents influence the biodegradation process. 
The salts of nitrates and sulfates slow down the decomposition process. Due to the 
limitations experienced in separately processing wastewater in the anaerobic and aerobic 
decolorization process, many scientists have suggested the need to use both processes in 
order to achieve high quality results.15 
 1.5.4 Electrochemical Methods 
 Electrochemical Reduction. The process of decolorization by electrochemical 
reduction focuses on actions by the steel cathode. Although the process is not highly 
preferred compared to the electrochemical oxidation process, studies indicate that the 
electrochemical approach of using cathodes is faster than using the Pt cathode. 
 Electrochemical Oxidation. The oxidation process is based on the application of 
direct anodic oxidation. The mechanism has a number of limitations including generating 
by-products that hinder the completion of the biodegradation process. Additional 
chemical reactions are required for the electrically generated agents. 
1.6 Titanium Dioxide 
Titanium dioxide is an inorganic compound that is odorless and non-combustible 
powder. The dioxide does not easily dissolve due to its poor solubility nature. Even 




photocatalytic and anticorrosive properties. Titanium dioxide presents in three main 
structures that are in crystalline forms: rutile(R), brookite, and anatase (An). Anatase is 
more chemically reactive than rutile.18, 19 The mixed nanoparticles (NPs) phase of 
titanium dioxide are a mixture of the two crystalline forms: the anatase (An) and the 
rutile (R). Under the photocatalyst’s condition, titania acts as semiconductor and it is 
functional in destroying organic effluents. Its stable structure provides the semiconductor 
with chemical and physical properties that are effective in treating pollutants.20 The 
presence of photogenerated electrons and its effective response to UV light assists in 
enhancing absorption. Further, the structure has electron-hole pairs which activate a cycle 
of radical chain reactions that assist in degrading effluents.21 Titanium dioxide is a large 







Figure 3. Mechanism of light absorption by TiO2.
22 
The photocatalysis of organic dyes present in wastewater, using titanium oxide, 
begins with the light with a wavelength of less than or equal to 3.9 electron volts. The 




positive holes and the free electrons. The two form an electron-hole pair. The pairs can 
interact or recombine with organic substrates on the titanium oxide particle surface 
through reduction and oxidation reactions. In the aqueous solutions, the hydroxyl groups 
scavenge on the positive holes and produce the oxidizing hydroxyl radicals. These 
radicals are very reactive. They can help promote the process of degradation and can 
subsequently lead to the decomposition of the organic substrate.23 Equations 1 to 4 show 
the detailed mechanism of photo-induced process.23 
 TiO2 + ℎ𝒱𝑈𝑉→    TiO2  (𝑒𝐶𝐵
−  + ℎ𝑉𝐵
+ )                                         (1) 
 TiO2  (ℎ𝑉𝐵
+ )  + H2O (ads) →•OH (ads) + H+ + TiO2                                  (2) 
 TiO2   ( eCB
- ) + O2    → O2
− .+ TiO2                                                                    (3) 
 H+ +O2
−•→ HO2
•                                                                      (4) 
 1.6.1  Decolorization of Dye using Titania 
The presence of industrial dye like CV in water bodies is clearly seen. However, 
different scientific studies have suggested several methods in regard to the mechanism of 
degrading dyes. Amongst the method discovered scientist suggest the examination by 
visible light. Light activates colored organic compounds and acts in a similar process of 
photosynthesis. The semiconductors on the other end are photosensitized. The structure 
then presents a form of oxidized radicals. In the process of degradation, the photocatalyst 
in the Titania attracts the dye molecule because the molecule is excited. This molecule 




radical from the dye molecule which can either transform to super oxide anions or 
oxygen radical. 
1.7 Hydrogels  
Hydrogels are polymeric cross-connected network materials that are commonly 
used in biomaterial or food science. In addition, they have a three-dimensional structure 
consisting of polymer network. The swollen structures are produced through interaction 
with water.  
The flow and behavior of the gels describe their nature of classification. 
Hydrogels are presented in a three-dimension model of network structures that are found 
in synthetic or natural polymers. They mainly function by retaining a considerable 
amount of water. The polymers are designed with hydrophilic properties that are found in 
polymeric networks when they are in the process of hydration within an aqueous 
environment.24 
 1.7.1 Classification of Hydrogels 
The hydrogel is either a chemical or permanent network. The equilibrium state is 
determined by the amount of polymer-water in relations to the crosslink density found in 
the parameter interaction. The hydrogel can also be present as physical or reversible gels. 
This state is determined by the molecular entanglement structure of the networks. These 
forces are either ionic, hydrophobic or hydrogen interactions. Dissolution for the gels is 
prevented by the physical connections which are from one polymer chain to another. If 





 1.7.2 Characterization of Hydrogels 
The permeability and holding capacity of the hydrogel define its characteristic 
features. Upon contact the polar hydrophilic group becomes the first group to be hydrated 
resulting in the configuration of primary and secondary bound water.25, 26 The state of 
formation is mainly referred to as “total bound water.” The osmotic driving force of the 
network will cause the level of absorption throughout the network chains that leads to 
absorption to infinite dilution. The elastic network opposes the swelling by using the 
formed physical cross-links forming a network retraction force. This way the hydrogel 
attains its equilibrium swelling point. Free water or bulk water refers to the additional 
water that has been absorbed by the hydrogel assuming that it has fully attained to the 
capacity of the network chains.  
Another significant characteristic of the hydrogel is the biocompatibility. This 
indicates the compatibility of the immune system along with the degradation product that 
is nontoxic. The low interfacial energy of the hydrogels forms an advantage of the 
hydrogel’s compatibility structure. Once it is in contact with any body fluids the free 
interfacial energy results to low occurrence of proteins and cells which attach to the 
surfaces.  
1.8 Methods for Preparing Hydrogels 
There are four preparation methods already adopted and they include cross-
linking, grafting polymerization, radiation cross-linking and chemical cross-linking. 




the viscoelasticity for the purpose of its application in various fields such as the field of 
pharmaceutical. 
Cross-linking is the process of linking two polymers. The activities of the 
polymers are only achieved through activating the functional group with other cross-
linkers, the process of linking enhances their activities. As such, cross-linking increases 
the uptake capability that helps in enhancing the capacity of sorption in hydrogels. The 
process involves altering the stability, sorption kinetics and swelling behavior of the gel. 
The aspect of crosslinking is beneficial in enhancing the uptake capacity of anionic 
species through using electrostatic connections. Careful consideration of the hydrocolloid 
and the pH levels is significant elements that assist in creating a broad range of textures 
for the hydrogels for any given industry.24   
 Grafting is the process of polymerization of a preformed polymer on top of a 
monomer. Chemical reagents are usually used to activate the polymer chains with the 
chemical reagents. Once grafting process is completed, the growth of a monomers leads 
to branching and latter to cross-linking. Adding inorganic nanoparticles to hydrogel 
polymers alters the properties and the application of the polymer and nanoparticles.  
 Radiation Cross-linking is a technique that is broadly used because it is 
chemical free. The biopolymer compatibility is well maintained due to the fact that it 
does not use chemicals. The process is cost-effective because the modification and 
sterilization processes are easily attained. The technique involves exposing the 
biopolymer to high energy source such as UV light. The polymer environment can be 




the radiation will perform an action in line with its environment. In an aqueous state the 
chemical changes will be activated due to the environment being diluted hence it will 






MATERIALS AND METHODS 
 
 
 All materials selected were of an analytical grade, and deionized water (DI) was 
used to prepare all dye solutions. N-hexane was used in the density test. 
2.1 Materials 
HEMA (2-hydroxyethy methacrylate) provided from Electron Microscopy 
Sciences and ethylene glycol dimethacrylate (EGDMA) from Acros Organics, were 
passed through a packed column for removing inhibitors. Sodium metabisulfite (SMBS, 
Fisher Scientific, USA) and ammonium persulfate (APS, Acros, NJ, USA, lot# 
B0132486) were used as initiators. Three phases of titanium (IV) oxide nanoparticles 
(pure anatase, pure rutile, and mixed phases) were obtained from Aldrich-Sigma (lot 
number MKBJ0873V). Crystal violet supplied from Alpha Aesar, A Johnson Matthey 
Company, (B21932 lot: 10187031) was used as organic dye. 
2.2 Hydrogel PHEMA Synthesis 
The experiment was carried out in a 10 mL beaker to which 4 mL of HEMA were 
dissolved in 1.8 mL of DI water. 15 µL of EDGMA (0.25 wt%) was added to the solution 
which was then purged with nitrogen gas for 30 minutes. The reaction was initiated by 
adding solid SMBS (0.0429 g) and APS (0.0429 g). After 2 minutes, the solution was 
pipetted with syringe into a chamber consisting of two plates, and then held at room 
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temperature for 12 hrs. For PHEMA-CV hydrogel synthesis, the same synthesis of the 
PHEMA hydrogel was used, and then the gel left to dry and socked in 3 ml of CV dye 
solution (1.5E-5 M) until the dye is totally adsorbed into the gel under stationary 
condition. After that, the gel was taken out and rinsed with di-ionized water and then left 
to dry in vacuum. The obtained dry sample was crushed for the XRD and the FT-IR 
characterization. 
 
2.3 TiO2-PHEMA Hydrogel Synthesis 
 HEMA (4 mL) and 1.8mL of DI water were added to a 10 mL beaker, to which 
15 µL of EGDMA then was added, followed by 0.42 mg of TiO2. The mixture was 
sonicated for 40 minutes and then bubbled with nitrogen for an hour. Then, the solid 
initiators (0.0429 g each for APS and SMBS) were added into the solution under stirring 
at room temperature, it was allowed to mix for 2 minutes. The resulting mixture then was 
loaded, with a syringe, into a chamber consisting of two glass plates and a Teflon spacer 
(1.55mm). After 12 hours, the hydrogel was washed with water to remove residual 
unreacted initiators and monomers. This process was repeated for all three phases of 
TiO2-PHEMA hydrogels (pure anatase, pure rutile, and anatase/rutile mixed phases). 
Figure 4 shows the schematic synthesis for TiO2-PHEMA hydrogel. 
2.3.1 Preparation of TiO2-PHEMA+ CV 
 After the preparation of the TiO2-PHEMA hydrogel, the gel is cut into small discs 
and left to dry in a vacuum. Each disc of hydrogel has a mass of ~ 20 mg. The dry disc of 
hydrogel was left in 3 ml of the CV solution (1.5 E-5 M) for about 7 days in stationary 
condition and the dye is completely adsorbed by then. 
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+ EGDMA + 𝑇𝑖𝑂2  +𝐻2𝑂
𝑆𝑀𝐵𝑆 𝐴𝑃𝑆⁄
→        
 
Figure 4.  Synthesis of TiO2-PHEMA hydrogel. 
 
 This process was repeated for all three phases of TiO2-PHEMA hydrogels (pure 
anatase, pure rutile, and anatase/rutile mixed phases). After the hydrogels absorbed the 
dye, it was left to dry and then powdered for the XRD and FT-IR characterization. 
2.4  Adsorption of CV 
Crystal violet dye CV has a purple color, and a strong absorption peak at  
λmax =583 nm.  A stock solution was prepared by dissolving 50 mg of CV into 200 ml of 
DI water to give a concentration of (6.125 E-4 M). 
2.5   Equilibrium Study 
A known mass (20 mg) of TiO2-PHEMA hydrogel was used as adsorbent. The 
samples of TiO2-PHEMA gel were placed in 3 mL of CV solution with the same initial 
concentration (1.5E-5) for anatase, rutile, and mixed phases. The solutions were shaken 
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for two hours on a shaker until the equilibrium was reached. The samples were analyzed 
using a double beam Ultraviolet-visible light spectrophotometer (Cary 500 UV-VIS NIR) 
using wavelengths at 583 nm to determine final CV concentration.  
 
2.6   Kinetic Study 
Kinetic model is one of the significant methods that assist in analyzing the 
potential adsorption mechanisms of CV on TiO2-PHEMA hydrogel sample. TiO2-
PHEMA gel (20 mg) was added to 1.5 x10
-5 M of aqueous solution of CV. The solution 
was monitored for 24-hr by UV-V spectrophotometry at the absorbance wavelength of 
583nm.  
 
2.7   Characterization 
 2.7.1 Density Study (ε) 
 The density test was analyzed using Archimedes' principle calculations in the air 
and in the hexane in three conditions: relaxed, swelling (wet), and dry. The volume of 
each sample was determined and calculated using this technique.  
2.7.2 X-ray Powder Diffraction (XRD) 
X-ray powder diffraction was recorded on Panalytical Empyrean with a RT 
spinner stage in transmission mode with a copper-focusing mirror which is the analytical 
technique used to identify unit cell dimensions and crystallinity of the materials. XRD 
measurements were performed on a Siemens D-500 powder diffractometer using Cu Ka 
radiation. The scanning was carried out from 2° to 80° with a step size of 0.02° and a 




2.7.3 Fourier Transform Infrared Spectroscopy (FT-IR) 
Fourier Transform Infrared Spectroscopy (FTIR) was recorded on Perkin Elmer 
model 1600 which is a useful technique to determine organic compounds in the sample. 





RESULTS AND DISCUSSION 
3.1 Density Study (ε) 
After polymerization, the mass of each of 6 individual samples of PHEMA 
hydrogel was measured in the air and then in the hexane by using special technique in 
order to analyze the density in three conditions: relax, swelling (wet), and dry. By using 
Archimedes' principle, we could calculate the volume of the samples. Determining the 




      (5) 
where Vr is the volume of the relaxed gel, mair is the mass of the gel in air, mhex is the 
mass of the gel in hexane, 𝜌
hex is the density of hexane (0.659 g/mL). The samples were 
soaked in DI-water for 2 days at room temperature to achieve equilibrium swelling, then 
samples were weighted in air and in hexane for wet condition. The volume-swelling ratio
 
of gel induced by water was calculated as the following:  






               (6) 
where 𝒬 is the swelling ratio which is used to determine the volume fraction of the gel in 
the swollen and dry conditions. 𝒱𝑑 is the volume of the dry g el.  𝒱𝑠 is the volume in the 





 The mesh size (𝜉) and the molecular weight between crosslinks (Mc) were 





-1/3   (𝑟0
2 )1/2               (7) 
where 𝑟0 is the end-to-end distance of the polymer between two consecutive crosslinks 
and can be expressed by the following equation: 
(𝑟0




1/2  𝑙     (8) 
where 𝑀𝑐 is the average molecular weight between crosslinks,  𝑀𝑟 is the molecular 
weight of a repeating unit which is 130.4 for PHEMA.28 𝐶𝑛is the characteristic ratio of 
the PHEMA hydrogel, and  𝑙 is the bond length (Figure 5).   
 
Figure 5. The schematic presentation of hydrogel crosslinked with EGDMA, and 𝜉 is the 






  It is found that PHEMA hydrogel itself had the highest swelling ratio among all 
TiO2-PHEMA hydrogel phases. The mesh size of the different hydrogels indicates that 
adding the nanoparticle in the hydrogel causes the mesh size to decrease. Compairing all 
the TiO2-PHEMA hydrogel phases, TiO2-PHEMA anatase had a swelling ratio higher 
than the swelling ratio of either TiO2-PHEMA rutil or mixed hydrogels, so it had free 
volume to be expanded for solution or water. In contrast, the mesh size of the TiO2- 
PHEMA rutile gel increased more than TiO2- PHEMA anatase phase or mixed phase 
hydrogels, shown in Table 1. 
 
Table 1. Swelling Ratio (Q) and Mesh Size (ξ) of the Synthesized Hydrogel 
Hydrogels Q 𝝃(Å) 
PHEMA      2.0524      33.8691 
TiO2-PHEMA Anatase    1.9958  31.6687 
TiO2-PHEMA Rutile 1.9463 32.1905 
TiO2-PHEMA Mixed   1.9182  31.7084 
 
3.2  X-ray Powder Diffraction 
Crystalline titanium dioxide nanoparticles show intense XRD patterns with sharp 
lines corresponding to theTiO2 phases. Figures 6-9 show the X-ray diffraction patterns of 
TiO
2
 NPs and TiO2-PHEMA mixed, TiO2-PHEMA anatase, TiO2-PHEMA rutile, TiO2-
PHEMA mixed-CV, TiO2-PHEMA anatase-CV, TiO2-PHEMA rutile-CV, PHEMA-CV, 







Figure 6. Zoomed XRD patterns for TiO2-PHEMA, TiO2-PHEMA+CV, and TiO2 NPs 




Figure 7.  XRD patterns for PHEMA, PHEMA-CV, TiO2-PHEMA, TiO2-PHEMA+CV, 























c- TiO2 -PHEMA An.  
d- TiO2 -PHEMA An. +CV  

























c-TiO2 -PHEMA An.  
d-TiO2 -PHEMA An. +CV  














Figure 8.  XRD patterns for PHEMA, PHEMA-CV, TiO2-PHEMA, TiO2-PHEMA+CV, 
and TiO2 NPs rutile phase 
 
 
Figure 9.  XRD patterns for PHEMA, PHEMA-CV, TiO2-PHEMA, TiO2- PHEMA+CV, 
and TiO2 NPs mixed phase. 





















c-TiO2 -PHEMA R  
d-TiO2 -PHEMA R +CV  




























c-TiO2 -PHEMA Mix  
d-TiO2 -PHEMA Mix +CV  











The high intensity diffraction peaks corresponding to the anatase TiO
2 phase at 
2𝜃 = 25, 37, 48, 55, 63, 69, and 70° were observed in Figure 7. The diffractions at 2𝜃 = 
27° indicate the presence of rutile.22  Also, the diffractions at 2𝜃 = 25° indicate the 
presence of anatase. XRD patterns for TiO2-PHEMA Mixed Hydrogels, TiO2- PHEMA 
(Anatase), and TiO2-PHEMA (Rutile) are shown in Figures 7-9. 
In all, the XRD patterns show that the original phases used still kept their 
crystallinities and did not transfer their phases to another phase. Therefore, their 
properties did not change while the three different TiO2 phases are imbedded in the 
hydrogel during the synthetic process. 
3.3 Fourier Transform-Infrared Spectroscopy 
The chemical structures of PHEMA, TiO2-PHEMA, and TiO2 NPs were 
investigated by FT-IR spectra in KBr. FT-IR spectra of PHEMA, TiO2-PHEMA 
hydrogels, pure crystal violet (CV) dye, and TiO2 NPs are shown in Figures 10-13. The 
absorption band around 1727 cm-1 indicates the presence of C=O stretching and the band 
around 3427 cm-1 corresponds to O-H stretching for all three phases of TiO2 - PHEMA 
gels. The IR spectrum of TiO2 NPs exhibit peaks in the range of 650 cm
-1 to 700 cm-1 
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a- PHEMA   ____      
b- PHEMA+CV ____ 







Figure 11.  FT-IR Spectra of TiO2-PHEMA An, TiO2-PHEMA An. +CV as well as TiO2 
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g- TiO2 -PHEMA R ____ 
h- TiO2 -PHEMA R+CV ____ 
i-TiO2 NPs Rutile ____ 







Figure 13.  FT-IR Spectra of TiO2-PHEMA Mix, TiO2-PHEMA Mix +CV as well as 
TiO2 NPs mixed phase. 
 
In addition to illustrating the chemical structures of the organic compounds for the 
PHEMA and the PHEMA-TiO2 phases of hydrogels, the FT-IR spectra clarified the 
presence of the CV dye in all three phases by showing a peak that correspond to the peak 
band on the pure CV spectrum which is around 1585.5 cm-1. As a result, it is confirmed 
that the PHEMA-TiO2 hydrogels for all three phases uptake the dye from the solution. It 
is pointed out that the uptake of the CV by TiO2-PHEMA is already visualized based on 
the color change of the gel. In addition, the UV-Vis detection has monitored the decrease 
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3.4 The Photodegradation Process 
As a model reaction, the degradation of CV was used in order to investigate the 
photocatalytic activity of the TiO2 gel samples under ultraviolet conditions. In this study 
a medium pressure mercury lamp was used as light source. 
Based on Beer’s law, the concentration of CV in the solution should be 
proportional to the absorbance at wavelength of 583nm. Therefore, 𝐴 𝐴∘⁄  would be equal 
to 𝐶 𝐶∘⁄ , where A is the absorbance of the solution at time t after turning on the lamp, and 
𝐴∘ is the absorbance of the solution at time zero (t = 0 hr.). The adsorption of CV by 
mixed phase of TiO2 gel, shown in Figure 14, is monitored at 583 nm under stationary 
condition. Figure 15 shows the visual observation of color change for TiO2- PHEMA 
mixed gel.
 
Figure 14.  UV-Vis Spectra of CV in the presence of TiO2-PHEMA (mixed phase) gel. 






















t = 0 hrs. 







Figure 15. The color change of TiO2-PHMEA ( mixed phase) hydrogel in CV solution. 
(Concentration of CV: 1.5E-5 M, volume of CV: 3 ml, mass of TiO2-PHEMA gel: 20 
mg) 
 
The Uv-vis spectrophotometer has similarly been used to monitor the 
photodegradation process. All TiO2- PHEMA gels of different phases were obtained 
using spacer of 1.55mm. The gels are clean gels with no contact with CV solution prior to 
the use. The gels weight is 20 mg. The CV solution (c =1.5E-5 M) in a cuvette and the 
gels were positioned in such way that the face of gels was towards the source of light 
which is generated with medium-pressure Hg lamp. All the gels used in this purpose are 
dried gels. 
The band at 583nm was monitored by UV-Vis when the solution was irradiated 
with the mercury lamp. For the mixed phase TiO2-PHMEA gel, the band intensity 
decreased gradually during the first 100 minutes (Figures 17 & 19). Afterwards, the band 
experienced a pronounced decrease while the gel itself turned deeper and deeper in 
purple over the time.  
 
 









 What was observed is that two processes were taking place simultaneously here. 
One was the uptake of CV from solution by the gel, and the other was the 
photodegradation. All three different phases of TiO2-PHEMA gels have been used and 
examined as photocatalysts. All of them exhibited the same processes. 
 A mercury lamp (medium pressure) used as light source has a lower intensity 
output than the UV lamp. With the use of the mercury lamp, all gels were tested for 
photodegradation. Previously, TiO2-PHMEA mixed hydrogel was described. The TiO2-
PHMEA rutile and anatase gels were also obtained using the same compositions except 
changing in the nanoparticle phases. After placing each gel in the CV solution (1.5E-5 
M), the absorbance of the CV solution was monitored by UV-V at 583 nm during the 
period of mercury lamp irradiation (Figure 19). When TiO2-PHMEA anatase gel was 
used for photodegradation, it was found that the color of CV solution vanished totally in 
about two and half hours (Figures 16 & 19, and Table 2). However, for TiO2-PHMEA 
mixed and rutile gels, the color of the CV solution disappeared in approximately three to 
four and a half hours or more, respectively (Figures 17 &18, and Table 2). During the 
photodegradation process, some of CV molecules from the solution were adsorbed into 
the gels, the gels turned violet as described before. After the color of the solution is 
completely gone, the color remains in the gels. 
It was found that CV is eventually photodegraded, regardless phase difference and 
the location of CV-whether it was in gel, meaning that the present process can degrade 
CV even when it was inside the gel. For example, after CV was depleted in the solution 





becomes colored. When the irradiation continues, the color of gels starts to fade. The 
color of the TiO2-PHMEA anatase gel fades much faster, and completely disappears in 
just two and a half hours (Figure 16, Table 2). On the other hand, the TiO2-PHMEA rutile 
took four and a half hours (Figure 18), and still had a little of the CV dye remaining, so it 







Figure 16.  Photodegradation of TiO2-PHMEA Anatase. (c: 1.5E-5 M, V: 3 ml, mass of 



















Figure 18.  Photodegradation of TiO2-PHMEA-Ru. (c:1.5E-5 M, V:3 ml, m of gel:20 
mg) 
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3.5 The Composite Gels with Different Phases of TiO2 Nanoparticles 
Titanium dioxide has three different phases: anatase, rutile, and brookite. The 
former two are widely studied and the latter is not readily accessible synthetically. In 
addition to mixed phase (anatase-rutile) titania examined in this study, the pure anatase 
and rutile TiO2 nanoparticles have been also used. Thus, the nano-composite gels from 
both pure phases are prepared according to the procedure used for the composite gel 
using the mixed phase titania. The content of titania is kept constant in all gels. The 
absorption band at 583 nm is monitored for CV in the solution. The results are displayed 
in Figure 19. At 170 minutes, with the gel from the anatase phase titania, CV is almost 
completely photodegraded (the same result is also visualized as displayed in Figure 16).  
At the same time, with either of mixed and rutile phases of titania, CV was still detected 
and is not completely gone.  
The result suggests that the anatase phase titanium gives better photocatalytic 
property than either rutile or mixed phases of titania, probably because the anatase phase 
is more chemically reactive than the rutile phase.14,15 Moreover, the mixed phase titania 
gives better photocatalytic property than the rutile phase. In other materials, observation 






Figure 19. Photodegradation of CV solution using anatase, rutile, and mixed phases of 
TiO2 by mercury lamp under stirred condition with magnetic bar. 
 






Disappearance of color of 
gels* 
(hr.) 
Total hours for the 
completion of 
photodegradation* 
PHEMA Gel              N/A N/A            N/A 
PHEMA-TiO2 Mixed 4.5   3 455 min 
PHEMA-TiO2 Anatase   4 2.5 395 min 
PHEMA-TiO2 Rutile   5  4.5 575 min 
 
Mass of the gel: 20 mg; Volume of solution: 3 mL; and Concentration:1.5E-5 M 
*: under photoirradiation by mercury lamp of medium pressure. The solution is stirred 
with a magnetic bar. 
 
Even though, PHEMA hydrogel itself alone took less time for the completion of 
adsorption, but CV cannot be photodegraded by PHEMA gel alone due to the absence of 





been used, the dye was both adsorbed and photodegraded. Furthermore, PHEMA-TiO2 
anatase took less time for adsorption and photodegradation than either PHEMA-TiO2 
rutile or mixed phase, probably because anatase phase is more chemically reactive than 
rutile.14,15  
As listed in Table 2, the photodegradation of the dye undergoes two stages. One is 
the discoloration of solution, and the other of gels. At the beginning of the 
photodegradation, the dye in solution is breaking down. At the same time, the gel is 
adsorbing some of the dye from the solution. Two processes are responsible for color 
disappearance of the dye in solution. For example, when PHEMA-TiO2 mixed gel is used 
as photocatalyst, the color of the solution is totally gone. However, the gel, initially 
colorless, becomes purple, obviously due to the uptake of the dye from solution. It takes 
4.5 hours to completely decolorize the solution. Further photodegradation requires 
another 3 hours to completely decolorize the gel. Overall, it takes 455min to completely 
photodegrade all the dye-no mater it is in solution or in the gel. On the comparable basis, 
it takes 395 min and 575 min, respectively, for using PHEMA-TiO2 Anatase, and 
PHEMA-TiO2 Rutile. 
3.6  Kinetic Study 
The adsorption on TiO2 hydrogel sample can be analyzed by kinetic model which 
is used to determine the potential adsorption mechanisms. TiO2-PHEMA gels of mixed, 
anatase, and rutile phases have the same mass of (20mg) each were added to 3 mL of CV 
solution with concentration of 1.5E-5 M which is prepared by adding 60 µL of crystal 





followed by UV-Vis spectrophotometry monitoring the absorbance at 583 nm (e.g., 
Figure 14).  
 
Table 3 summarizes the results when the same mass of different hydrogels and the 
same concentration of the solution are used. It is expected that the adsorption would be 
faster under shaking condition than under stationary condition. However, it is found that 
it is much faster than expected. For PHEMA hydrogel itself, it takes almost 274 hours to 
adsorb all the dye in solution but does so only for 2.5 under shaking condition. The same 
trend is found in PHEMA-titania hydrogel. For instance, when the PHEMA-TiO2 Mixed 
gel is sued, it takes almost 328 hours under stationary condition but only 5.5 hours under 
shaking condition. The PHEMA-TiO2 -An. gel is found to give the fastest response in 
both conditions (Table 3). But PHEMA hydrogel itself seems to be better than PHEMA-
TiO2 -An. gel or any other titania-nanocomposite counterparts.   
 
Table 3. Adsorption with Shaking and Stationary Conditions  
HYDROGEL Adsorption in Stationary  Adsorption in Shaking  
PHEMA Gel 274.5 hrs. 2.5 hrs. 
PHEMA-TiO2 Mixed 328 hrs. 5.5 hrs. 
PHEMA-TiO2 Anatase 313.3 hrs. 3.5 hrs. 
PHEMA-TiO2 Rutile 312 hrs.  5 hrs.   
 
As shown in Figure 20, again, the uptake of CV by PHEMA and PHEMA-titania 







Figure 20. Kinetic study of TiO2-PHEMA hydrogels under both stationary and shaking 
conditions for the uptake of CV. 
   
 As listed in Table 3 and shown here again, in the shaking condition and within 6 
hours, all the CV in the solutions is adsorbed. In marked contrast, it takes at least 274.5 
































1- PHEMA R. 2- PHEMA Mix.










 The photodegradation process has shown an effective impact on the removal of 
crystal violet dye from the solution. Three phases of TiO2-PHEMA hydrogel were used 
as the photocatalysts. There were two processes during the photodegradation: one was the 
adsorption and the other was the degradation. But eventually all the CV, no matter it is in 
solution or pre-adsorbed in the gel is photodegraded. The X-ray diffraction analysis 
demonstrated that after incorporating the nanoparticles in the PHEMA gel, their original 
crystallinity and properties had maintained. The Fourier Transform-Infrared 
Spectroscopy (FT-IR) exhibited the functional groups which are carbonyl and hydroxyl 
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